Background: Promoter hypermethylation has emerged as a promising cancer biomarker. Currently, a large variety of quantitative and non-quantitative techniques is used to measure methylation in clinical specimens. Here we directly compared three commonly used methylation assays and assessed the influence of tissue fixation, target sequence location and the amount of DNA on their performance.
Introduction
Over the last decade, the importance of epigenetic silencing of tumor suppressor genes by DNA promoter hypermethylation has been recognized as a common mechanism driving carcinogenesis [10] . Methylation has proven to be a promising predictive and prognostic biomarker [19] , but is especially promising as a biomarker for early cancer detection in biological fluids [21] for various reasons. First, methylation aberrations occur in high frequency and in early stages of tumor development [14, 18] . Secondly, methylation changes have been demonstrated in non-cancerous cells adjacent to the tumor [26] . This so-called field defect facilitates detection in heterogeneous biological samples. Lastly, methylation detection is applicable to biological fluids that contain low amounts of DNA [3, 7, 22] .
This has in recent years lead to the development of a large variety of Polymerase Chain Reaction (PCR) based methylation assays interrogating methylation of cytosine (methyl-C) in CpG dinucleotides that cluster in CpG islands in the regulatory sequences of gene-promoters [13] . Detection of methyl-cytosines is based on either sodium bisulfite (NaBi) conversion of unmethylated cytosine to uracil [6] or on the use of methylation-sensitive DNA restriction enzymes [8] . The most direct and comprehensive way to provide information on methylation is genomic sequencing of NaBi treated DNA, however this is laborious and cumbersome when methylation is only present in a subset of cells within a clinical specimen. Methylation-Specific PCR (MSP) is the most simple, affordable and commonly used NaBi treatment based detection method for gene methylation in patient material, but is non-quantitative. In contrast, quantitative PCR based methods, such as Quantitative Multiplex Methylation-Specific PCR (QM-MSP) [4] enable the detection of methylated genes at very high sensitivity (1:10,000 cells) in complex samples. A powerful alternative approach is the semi-quantitative MethylationSpecific Multiplex Ligation-dependent Probe Amplification (MS-MLPA) that relies on methylation-sensitive endonucleases that discriminate between methylated and unmethylated DNA sequences [17] . Like MLPA [16] , MS-MLPA is relatively fast and inexpensive. The assays compared here are representatives of the large spectrum of NaBi and restriction enzyme based PCR based methylation assays that is still expanding [12] .
Although methylation analysis through the use of methylation-specific restriction endonucleases is fast and simple, fixation may influence the efficiency of enzyme cleavage [13] and lead to false positive results [15] , an important consideration when analyzing archival patient material. Furthermore, in these assays methylation analysis is restricted to methylation-sensitive restriction sites. Since methylation of CpG dinucleotides may vary within one CpG island [1] , the choice of different primer sets between different studies makes extrapolation of these findings cumbersome. Finally, for methylation analysis in biological samples with low DNA content, such as nipple aspirate fluid [22] and plasma [7] , sensitivity is of the utmost importance.
Obviously, it is important to know how well different kinds of methylation assays compare, in order to be able to extrapolate information on methylated genes from one study to another. Although this issue does not seem to be of minor importance, to date, no direct comparison has been reported of quantitative and non-quantitative NaBi and restriction enzyme methylation assays. Here we compared MSP, QM-MSP and MS-MLPA side by side and investigated the influence of tissue fixation, primer location and amount of DNA on methylation detection of RARB, RASSF1, CCND2 and SCGB3A1; four genes previously reported to be frequently methylated in breast cancer [4, 20] .
Methods

Tissue selection and DNA isolation
Forty invasive breast carcinomas, selected based on the availability of formalin fixed paraffin embedded as well as fresh frozen specimens were obtained from the Pathology department of the University Medical Center Utrecht. Use of anonymous or coded left-over material for scientific purposes is part of the standard treatment contract with patients in our hospital [24] . H&E-stained slides of the paraffin blocks were reviewed by a pathologist (PvD) to confirm the presence of malignancy. The percentage of carcinoma cells in each tissue section was estimated to be at least 50%. DNA from formalin fixed paraffin embedded and fresh frozen tissue was isolated as described previously [5] .
MSP
MSP was performed according to Herman et al. [6] . Sodium bisulfite (NaBi) treatment was performed using the Epitect Kit (Qiagen). The PCR mixture contained 1× MSP buffer (16.6 mM NH 4 SO 4 , 67 mM Tris pH 8.8, 6.7 mM MgCl 2 , 10 mM β-mercaptoethanol, 0.1% DMSO), 1.25 mM dNTP, primers (300 ng each), 1.25 U Platinum Taq (Invitrogen) and approximately 100 ng of bisulfite-modified DNA. Reactions were hotstarted at 95 • C for 5 min, followed by 35 amplification cycles (30 s at 95 • C, 30 s at 56 • C and 30 s at 72 • C) and a 4 min extension at 72 • C. Human sperm DNA was used as a negative control and SssI methylase treated Human Sperm DNA as a positive control. Controls without DNA were included in each PCR. 10 µl of each PCR product was loaded onto a 2% agarose gel containing ethidium bromide, and visualized by UV illumination.
QM-MSP
QM-MSP was performed as described previously [4, 20, 23] . After conventional NaBi treatment, multiplex PCR (35 cycles) was performed using external primers independent of DNA methylation status to coamplify RARB, RASSF1, CCND2 and SCGB3A1 using previously published primers [3, 4] . In the quantitative step, a two-color real-time MSP (40 cycles) was done with internal primers and 6-FAM/TAMRA and VIC/TAMRA probes as described [3, 4] , targeting the same sequences as the MSP primers. A standard curve and a 80K copy number control were used for calculating percentage methylation ([M/(U + M)] × 100).
Methylation-specific MLPA (MS-MLPA)
The principles of MLPA and MS-MLPA have been described elsewhere [17] . MS-MLPA probes contain a recognition sequence for the methylation-sensitive restriction enzyme HhaI. We used the SALSA MS-MLPA ME001-C1 and ME003-A1 kit (MRC-Holland, Amsterdam, The Netherlands) that contain 26, respectively 27 probes targeted against the promoters of a set of genes that are frequently silenced by methylation in various tumors. Besides from the HhaI-sensitive targets, 15 respectively 13 different control probes were present that were not influenced by the HhaI digestion. These two kits contain probes that partly do and partly do not overlap the QM-MSP target sequences for RASSF1, SCGB3A1 and CCND2, which enabled us to evaluate the influence of probe localization on methylation results. For RARB, only a non-overlapping probe was available. In Table 1 the positions of the MS-MLPA-probes relative to the QM-MSP target sequences are given. We did not analyze methylation data for the other methylation targets present in the two MS-MLPA kits, since these data are not relevant for the comparative goal of this study. After 16 h of hybridization of the probes to the sample DNA, the sample reaction was divided into two parts. The first part was only ligated and provides information on copy number changes. The second part of the MS-MLPA hybridization reaction was digested with HhaI while the hybridized probes were ligated. Hybrids of probe DNA and unmethylated sample DNA were digested by the HhaI enzyme and thus could not be amplified by PCR (35 cycles), while the methylated DNA could not be digested and the ligated probes generated a probe signal after PCR. Each MS-MLPA reaction of a DNA sample then yielded two results to be analyzed; one undigested sample that was only ligated (total DNA) and one sample that was simultaneously digested and ligated (methylated DNA). Samples were run on a 310 DNA Analyzer (Applied Biosystems). The ratio of the two reactions was converted to a percentage methylation, using the Coffalyser software [2] .
Dilution experiment
To define the range of DNA concentrations in which the different assays can detect methylation, we used serial DNA dilutions from the human breast epithelial MCF10A cell line of 200, 100, 50, 25, 10, 1 ng and 100 pg, respectively. With these decreasing amounts of input DNA (before NaBi or restriction enzyme treatment), we performed MS-MLPA, QM-MSP and MSP for RARB as described above, with the only difference that for this comparison both QM-MSP and MSP were performed using conventional NaBi modification (as described in the QM-MSP section).
Statistics
Results for the four separate genes were pooled for analysis. Spearman correlations coefficients (r s ) were calculated. Curve estimations and scatterplots were used to depict the associations between different assays. A boxplot was used to look at the concordance between QM-MSP and MSP. SPSS 15.0 for Windows was used for statistical analysis.
Results
Poor concordance between quantitative and non-quantitative assays
As methylation analysis is becoming increasingly important in clinical decision making we sought to compare representatives of the most commonly used methylation analysis techniques. To do so we compared DNA methylation frequencies of 4 commonly methylated genes in DNA isolated from 40 paraffinembedded invasive human breast cancer specimens measured by MSP, MS-MLPA and QM-MSP.
The non-quantitative assay MSP showed highly discrepant results when compared with the quantitative QM-MSP assay (Fig. 1) . In 20% of the samples that did not show a methylated product in MSP more than 10% methylation was found by QM-MSP. Moreover, in 10% of the samples that did not show methylation by MSP more than 50% methylation was observed by QM-MSP. Similar discrepancies were found when comparing MSP with MS-MLPA; 20% of the samples without a methylated product in MSP showed 30% methylation in MS-MLPA and in 10% of the samples not displaying methylation in MSP even 100% methylation was found by MS-MLPA.
Strong correlation between the quantitative assays QM-MSP and MS-MLPA
When comparing both assays using overlapping target sequences and DNA extracted from paraffinembedded tissue, there was a strong correlation between assays (r s = 0.67; p < 0.001; Fig. 2a) . When analyzing the genes individually, correlation coefficients were 0.65 (p < 0.001) for CCND2, 0.60 (p < 0.001) for SCGB3A1 and 0.71 (p < 0.001) for RASSF1.
When comparing non-overlapping target sequences, the correlation decreased (r s for pooled analysis 0.43; p < 0.001; Fig. 2b) . The correlation between QM-MSP and MS-MLPA with overlapping target sequences in fresh frozen tissue was comparable to the correlation in paraffin-embedded tissue (r s = 0.68; p < 0.001; Fig. 2c ). With non-overlapping sequences in fresh frozen tissue, the correlation was similar r s of 0.64 (p < 0.001).
Performance of MSP, QM-MSP and MS-MLPA on small amounts of DNA
Methylation analysis has potential to measure tumor-specific genomic alterations at high sensitivity as is necessary for the analysis of clinical specimens containing low amounts of DNA such as those harvested from biological fluids. Therefore we compared the detection range of the individual assays by making serial dilutions of MCF10A cell line DNA and determined the methylation frequencies in RARB. As shown in Table 2 and Fig. 3 , MS-MLPA and MSP still performed well in a dilution experiment when 10 ng of input DNA was tested for RARB methylation. Note that the MSP only provides a qualitative output whereas QM-MSP provided distinct methylation frequencies. Importantly, QM-MSP still gave reproducible results with only 1 ng of input DNA.
In all DNA concentrations, MSP for RARB showed M and U bands. In QM-MSP, methylation frequen-cies ranged from 76 to 83%. In MS-MLPA methylation percentages were between 70 and 92%, except for the 10 ng sample, that showed 56% methylation, indicating the limit of the dynamic range for this assay. Table 2 Results of a dilution to assess the minimum required input DNA for different non-quantitative (MSP) and quantitative (QM-MSP and MLPA) methylation assays (+ indicates positive signal for RARB)
Method
Total amount of input DNA (MCF10A) 100 ng 10 ng 1 ng 100 pg
Discussion
Here we compared methylation percentages in archival clinical breast cancer specimens for four genes using NaBi and restriction enzyme based methods. We observed a strong correlation between QM-MSP and MS-MLPA, when using overlapping probe sets with formalin fixed as well as with fresh frozen tissue samples. This indicates that neither enzyme nor NaBi treatment was affected significantly by tissue fixation in the 40 breast cancer specimens studied here. In contrast, when non-overlapping sequences were used, differences between assays were greater, highlighting the variability in CpG methylation between different regions of the same promoter. In a direct comparison QM-MSP appeared feasible in ten fold lower concentrations of DNA compared to non-quantitative MSP and MS-MLPA for RARB. Therefore, although they are both fast and simple procedures, MSP and MS-MLPA lack the sensitivity needed for the detection of methylation in the small amounts of DNA often present in biological fluids. Although MSP in biological fluids with scarce DNA has been reported, often a substantial part of the samples failed, or the amount of DNA recovered allowed only one gene to be analyzed [11] .
Further, in larger amounts of DNA, MSP did not pick up significant methylation dosages as found with the quantitative assays MS-MLPA and QM-MSP reported here. In contrast to our findings, Jeuken et al. [9] demonstrated a good concordance between MS-MLPA and (slightly modified) MSP for MGMT, when comparing them non-quantitatively using a 25% cutoff. In their study, percentages from four MS-MLPA probes for MGMT, a well-established predictive biomarker [25] were averaged, which together with the binary approach may account for the better accordance found. We did not analyze MGMT methylation in our study.
In this study, we chose the inter-assay concordance as a read-out. A gold standard was not available, since no technique can be regarded as universally superior [13] . Sequencing of sodium bisulfite treated DNA is often used as a gold standard, but this method also depends on the efficiency of NaBi conversion. Moreover, for the present study sequencing of sodium bisulfite treated DNA would anyhow not be the optimal reference since it would inherently incline more to the other NaBi-based methods than to the restriction enzyme based assays. Finally direct sequencing of sodiumbisulfite treated DNA extracted from patient samples is very sensitive to contamination by wildtype cells as signals of methylated and unmethylated nucleotides are collected in the same sequence read. Lower levels of methylation are therefore likely to remain obscured in heterogeneous tumor cells populations mixed with stroma. Only after subcloning of a large number of individual DNA fragments followed by sequencing, quantitative methylation frequencies can be obtained. Therefore at present this technique is not amendable to routine diagnostic and clinical methylation analysis and not further addressed here.
We conclude that despite the difference in molecular basis, the quantitative methylation assays QM-MSP and MS-MLPA show strong correlations when analyzing the same CpG islands. In contrast, there was a poor concordance between either of these quantitative techniques with non-quantitative MSP, which questions the validity of MSP for accurate methylation detection in clinical samples. Therefore, QM-MSP is the method of choice for biological samples with low amounts of DNA, such as biological fluids. MS-MLPA is a good and simple alternative when DNA quantities are not limiting.
